NAD(H)-coupled hydrogen cycling – structure–function relationships of bidirectional [NiFe] hydrogenases  by Horch, M. et al.
FEBS Letters 586 (2012) 545–556journal homepage: www.FEBSLetters .orgReview
NAD(H)-coupled hydrogen cycling – structure–function relationships
of bidirectional [NiFe] hydrogenases
M. Horch a, L. Lauterbach b, O. Lenz b, P. Hildebrandt a, I. Zebger a,⇑
a Technische Universität Berlin, Institut für Chemie, Sekr. PC 14, Straße des 17. Juni 135, D-10623 Berlin, Germany
bHumboldt-Universität zu Berlin, Institut für Biologie/Mikrobiologie, Chausseestraße 117, 10115 Berlin, Germany
a r t i c l e i n f o a b s t r a c tOpen access under CC BY-NC-ND license.Article history:
Received 31 August 2011
Revised 5 October 2011
Accepted 6 October 2011
Available online 2 November 2011
Edited by Miguel Teixeira and
Ricardo O. Louro
Keywords:
Biocatalysis
Hydrogenase
Spectroscopy
Oxygen tolerance
NADH regeneration
Biofuel0014-5793  2011 Federation of European Biochemic
doi:10.1016/j.febslet.2011.10.010
⇑ Corresponding author.
E-mail address: ingo.zebger@tu-berlin.de (I. ZebgeHydrogenases catalyze the activation or production of molecular hydrogen. Due to their potential
importance for future biotechnological applications, these enzymes have been in the focus of
intense research for the past decades. Bidirectional [NiFe] hydrogenases are of particular interest
as they couple the reversible cleavage of hydrogen to the redox conversion of NAD(H). In this
account, we review the current state of knowledge about mechanistic aspects and structural deter-
minants of these complex multi-cofactor enzymes. Special emphasis is laid on the oxygen-tolerant
NAD(H)-linked bidirectional [NiFe] hydrogenase from Ralstonia eutropha.
 2011 Federation of European Biochemical Societies. Published by Elsevier B.V.1. Introduction
In all living systems, energy conversion involves the oxidation
of primary electron donors. In this context, hydrogenases [1], as
versatile ancient metalloproteins, enable the microbial cell to uti-
lize dihydrogen as an energy source by catalyzing its reversible
cleavage into protons and electrons: H2M 2H+ + 2e. Via this reac-
tion, these enzymes can also provide reducing equivalents for bio-
synthesis and contribute to the disposal of excess electrons by
hydrogen evolution [2]. Furthermore, regulatory hydrogenases
are able to adjust these processes to the respective environmental
conditions via transcriptional regulation of genes encoding for
energy-transforming hydrogenases [3,4].
Due to their potential applicability in biotechnological pro-
cesses, hydrogenases have been extensively studied. Envisaged
applications are mainly related to bio-energetic approaches, i.e.,
energy conversion in enzymatic fuel cells or biohydrogen produc-
tion [5]. In addition, hydrogenases are promising model systems
to investigate electron transfer processes in complex multi-cofac-
tor enzymes and might also serve as ‘‘blueprints’’ for hydrogen
activating, biomimetic compounds.
For several decades, spectroscopic studies have contributed
essentially to the understanding of hydrogenases by providingal Societies. Published by Elsevier
r).insights into cofactor composition, electronic, structural, and redox
properties of these enzymes. In the following, we will give an over-
view on the present state of research on bidirectional [NiFe]
hydrogenases that couple reversible hydrogen conversion to the
evolution and consumption of NADH. Here, emphasis will be
placed on spectroscopic studies to elucidate structure–function
relationships. Previous and recent insights are reviewed and dis-
cussed in conjunction with open questions and challenges for fu-
ture research.
2. [NiFe] Hydrogenases: an overview
With regard to themetal content of the active site, hydrogenases
can be classiﬁed into three phylogenetically unrelated groups [2]:
[FeFe] hydrogenases with two Fe atoms at the catalytic center [6],
[Fe] hydrogenases that harbor an Fe-guanylylpyridinol cofactor
[7], and [NiFe] hydrogenases, where hydrogen conversion takes
place at a heterobimetallic active site containing Ni and Fe [8,9].
Apart from [Fe] hydrogenases, all of these enzymes comprise addi-
tional Fe–S clusters for electron transfer to or from the active site.2.1. General structural properties
[NiFe] hydrogenases are composed of at least two different sub-
units (Fig. 1A and B): a large one, which contains the deeply buriedB.V. Open access under CC BY-NC-ND license. 
AB
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Fig. 1. Schematic representation of (A) ‘‘standard’’ [NiFe] hydrogenases, (B)
NAD(H)-linked bidirectional [NiFe] hydrogenases, and (C) the peripheral part of
the respiratory Complex I [8,10,57,69,124]. Homologous subunits are represented
with the same color with HoxF exhibiting sequence homology to both Nqo1 and
Nqo2 of Complex I. Subunit interactions of HoxE are tentatively depicted based on
comparison with the homologous Nqo2 subunit of the respiratory Complex I. ‘‘2Fe’’
and ‘‘4Fe’’ refer to [2Fe–2S] and [4Fe–4S] clusters, respectively. ‘‘?Fe’’ is most likely
a [4Fe–4S] cluster, although a [3Fe–4S] cluster in certain bidirectional hydrogenases
cannot be entirely excluded (see text). ⁄Not observed in aerobic bidirectional
hydrogenases from R. eutropha and R. opacus. HoxE and the included [2Fe–2S]
cluster appear to be absent from the Hox2 bidirectional hydrogenase from
Thiocapsa roseopersicina, too. [125] ⁄⁄Only reported for the bidirectional hydroge-
nase from R. eutropha. [60].
Fig. 2. Crystal structure of the ‘‘standard’’ [NiFe] hydrogenase from D. gigas [8] with
the large and small subunit depicted in red and green, respectively. The [NiFe]
active site is enlarged for a better visualization. Its redox state is primarily
determined by the oxidation state of the Ni ion, and the exchangeable ligand ‘‘X’’ at
the third bridging site between Ni and Fe (both highlighted in red).
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close to the active site (proximal cluster). The large and small sub-
unit exhibit sequence homology to the Nqo4 and Nqo6 subunit1 of
NADH:ubiquinone oxidoreductase (Complex I), respectively (Fig. 1C)
[10,11]. In oxygen sensitive ‘‘standard’’ [NiFe] hydrogenases, which
are located at the periplasmic face of the cytoplasmic membrane,
the electron relay in the small subunit is extended by a distal
[4Fe–4S] cluster, and a medial [3Fe–4S] cluster between the two cu-
banes (Figs. 1A and 2) [8]. In addition to the two metal centers, the
active site of these enzymes contains four conserved cysteinyl thio-
late donors, two of which serve as bridging ligands between Ni and
Fe, while the other two are solely bound to Ni (Fig. 2). In addition,
the Fe is coordinated by three non-proteinaceous ligands, i.e., two
cyanides and one CO molecule, all of which are unprecedented in
biological systems other than hydrogenases [9,12,13]. While the Ni
is redox active during activation and catalysis, the Fe remains in
the Fe(II) low-spin conﬁguration due to these strong-ﬁeld inorganic
ligands. It is generally accepted that hydrogen cycling involves an
additional ligation site bridging the two metals [14]. Hydrophobic
cavities for hydrogen diffusion between the active site and the pro-
tein surface as well as putative proton transfer pathways have been
also described for ‘‘standard’’ [NiFe] hydrogenases [15,16].1 The subunit nomenclature of Complex I from Thermus thermophilus [10] will be
used throughout the paper.2.2. Redox states of the [NiFe] center and the catalytic cycle
Applying infrared (IR) spectroscopy, various active and inactive
redox states of the catalytic center from ‘‘standard’’ [NiFe]
hydrogenases have been identiﬁed by the characteristic stretching
vibrations of the three inorganic ligands (Fig. 3) [17,18]. All of these
species primarily differ with respect to the redox state of the Ni
and the chemical nature of the exchangeable ligand ‘‘X’’ in the
bridging position between the two metals (Figs. 2 and 3). Electron
paramagnetic resonance (EPR) spectroscopy, on the other hand,
selectively monitors paramagnetic species of all cofactors. In the
inactive oxidized state, two species with different activation kinet-
ics have been identiﬁed, both revealing EPR signals characteristic
for Ni(III): The so-called ‘‘ready’’ Nir-B state that is proven to carry
a hydroxo ligand in the bridging position between the two metals
[19,20] can easily be (re-)activated in the presence of hydrogen. In
contrast, reductive activation of the ‘‘unready’’ Niu-A species takes
hours [21]. This property has been tentatively related to the pres-
ence of a (hydro)peroxo species in the bridging position or thiolato
oxygenation at the active site cysteines [20,22]. One-electron
reduction of Niu-A and Nir-B yields the corresponding EPR-silent
Ni(II) species Niu-S and Nir-S, respectively. Both forms are also cat-
alytically inactive, as they supposedly still carry the respective
oxygen species of Niu-A and Nir-B. Two sub-species of the Nir-S
state have been identiﬁed and suggested to differ with respect to
the protonation state [17,23–25]. A loosely bound water molecule
might be rapidly released from the protonated sub-form, resulting
in the catalytically active Nia-S state with a vacant coordination
site between the two metals. Further one-electron reduction of this
state yields the paramagnetic Ni(III) species Nia-C, which is consid-
ered to be the central intermediate of hydrogen cycling in ‘‘stan-
dard’’ [NiFe] hydrogenases. This view is based on experimental
and theoretical studies, revealing a hydride as the additional bridg-
ing ligand in this species [18,26]. The fully reduced Nia-SR state,
which is formed by one-electron reduction of Nia-C, presumably
also contains a hydride in the bridging position [25,27]. This EPR-
silent Ni(II) species, commonly assigned to another step of the
catalytic cycle, reveals up to three sub-forms, which might differ
with respect to the conformation, protonation or spin state of the
Fig. 3. Essential redox states and interconversions of the active site of ‘‘standard’’ [NiFe] hydrogenases and NAD(H)-linked bidirectional [NiFe] hydrogenases from R. eutropha
H16 and Synechocystis sp. PCC6803.[24,25,88,89] ‘‘Unready’’ and ‘‘ready’’ inactive states are shown in red and orange, respectively, while catalytically active species are
depicted in green. Ni–L is represented in blue as the involvement of this species in the catalytic cycle is under debate [18,24]. The (proposed) chemical nature of the bridging
ligand at the active site is indicated in parentheses for each individual redox species. EPR detected states are marked with an asterisk. For bidirectional hydrogenases, dashed
boxes indicate redox states that have been detected in R. eutropha, but so far not in Synechocystis sp. For the enzyme from the latter organism, an intermediate species has
been observed by IR spectroscopy, which could be tentatively assigned to the Nia-C state. So far, this redox state could not be enriched for EPR studies. Therefore, its identity
still has to be proven [89]. For the sake of clarity, redox states of the enzyme from R. eutropha that were detected under non-native conditions [90] are not included in the
present scheme.
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suggested to harbor different Ni-bound and/or bridging ligands,
such as H and/or H2 [29]. At cryogenic temperatures, irradiation
of the Nia-C state with white light induces a further EPR-detectable
species (Ni-L) [30], which is formed via photo-dissociation of the
bridging hydride [26]. Although this state is created under non-
physiological conditions, a similar, transient Ni(I) species is widely
claimed to be involved in hydrogen cycling [31–33].
Different models have been suggested for the catalytic cycle of
[NiFe] hydrogenases. Most of them propose a heterolytic cleavage
of hydrogen, where the hydride is reversibly bound between the
two metals while one of the terminal cysteinyl thiolates acts as a
proton acceptor [32]. However, there is still no consensus about
the detailed mechanism as well as the type and number of inter-
mediate states involved. An alternative catalytic cycle proposed
recently suggests an initial heterolytic cleavage of hydrogen fol-
lowed by an oxidative addition mechanism during turnover
[31]. Irrespective of the exact reaction mechanism, the reversible
formation of a H2 r-bond complex has been suggested as an
essential initial event for hydrogen activation at transition metal
sites [34].
3. Bidirectional hydrogenases: versatile players in biological
hydrogen conversion
[NiFe] hydrogenases can be further divided into ﬁve groups,
which differ in subunit assembly, cofactor composition, redox part-
ners and cellular location [2,35]. Although all of these enzymes are
involved in hydrogen cycling, their physiological functions may
vary considerably. In particular, (group 3) bidirectional hydroge-
nases, which are capable of catalyzing both hydrogen activation
and evolution under physiological conditions, are able to bind
(and convert) additional soluble substrates like coenzyme F420
[36,37] or NAD(P)(H) [38–40]. While most of these enzymes are
found in Archaea, we will focus on bacterial NAD(H)-linked bidirec-
tional hydrogenases [38]. NADP(H)-linked hydrogenases from
hyperthermophilic Archaea [39–44] are not in the scope of this re-
view as they differ substantially in terms of subunit arrangement
and cofactor composition.3.1. Modular structure and catalytic activities
In multimeric NAD(H)-linked [NiFe] hydrogenases, the large
and small subunit are referred to as HoxH and HoxY, respectively.
This HoxHY hydrogenase moiety is associated with an additional
NADH:acceptor oxidoreductase (diaphorase) module, which cou-
ples the reversible cleavage of hydrogen to the oxidoreduction of
NAD(H) (Fig. 1B). The catalytic reaction with NADP(H) yields much
lower H2 evolution and consumption rates, indicating that NAD(H)
is indeed the preferred, native substrate of bidirectional [NiFe]
hydrogenases [45]. This argumentation is also supported by the
fact that the involved nucleotide binding site appears to repel the
phosphate group of NADP(H) [46]. The diaphorase moiety consists
of at least two subunits, HoxF and HoxU, which exhibit pro-
nounced sequence similarity to the peripheral part of the respira-
tory Complex I as well as certain formate dehydrogenases and
[FeFe] hydrogenases [46–52]. NAD(H)-linked hydrogenases can
be further divided in two classes, which differ in subunit and cofac-
tor composition as well as their speciﬁc physiological function. In
‘‘cyanobacterial type’’ bidirectional hydrogenases [50,51,53–55],
which have also been reported for purple sulphur bacteria
[56,57], the diaphorase moiety is associated with an additional
HoxE subunit [50], which might be involved in membrane interac-
tions [54,56] or the electronic coupling between the hydrogenase
and diaphorase active sites [45]. This subunit is absent in a second
group of bidirectional hydrogenases from aerobic bacteria, includ-
ing those from the actinobacterium Rhodococcus opacus MR11
[58,59] and the b-proteobacterium Ralstonia eutropha H16 [38].
The bidirectional hydrogenase from the latter organism comprises
an additional diaphorase-associated HoxI2 dimer, which contains a
putative nucleotide binding site similar to that of cAMP receptors
[60]. In line with this observation, HoxI2 has been reported to act
as an alternative electron entry site for reductive activation
through an NADPH binding site [60].
3.2. Physiological functions and applications in biotechnology
In cyanobacteria, bidirectional hydrogenases are mainly in-
volved in the disposal of excess electrons derived from
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evolution. A general role in the substitution of missing subunits
of respiratory Complex I appears rather unlikely, as the absence
of a functional bidirectional hydrogenase has been reported to be
not essential for cyanobacterial cell growth [53–55,64–66]. Bidi-
rectional hydrogenases from aerobic bacteria, on the other hand,
differ in their catalytic bias as they rather catalyze hydrogen split-
ting, i.a. to supply reducing equivalents (NADH) to Complex I,
thereby establishing a proton motive force. By transhydrogenases,
NADH is also converted to NADPH, which can be used for carbon
ﬁxation during autotrophic growth [67]. Furthermore, these en-
zymes can also function as an electron valve by catalyzing hydro-
gen evolution in case of over-reducing conditions, i.e., an excess of
NADH in the cytoplasm [68,69]. While aerobic bidirectional
hydrogenases are strictly located in the cytoplasm [38,59] both a
cytoplasmic localization [70] and a weak association with the cyto-
plasmic [71] or thylakoid [72] membrane has been suggested for
cyanobacterial hydrogenases.
NAD(H)-linked bidirectional hydrogenases are of particular
interest for biotechnological applications as they are suited for
light driven hydrogen production in vivo [73] and the regeneration
of reduced purine nucleotides in biocatalytic processes [74–79].
Such applications are particularly promising as some of these en-
zymes are oxygen tolerant [38,58,80–82], in contrast to most other
hydrogenases.
4. Structure–function relationships in bidirectional
hydrogenases
NAD(H)-linked bidirectional hydrogenases are complex multi-
cofactor enzymes. Regarding subunit composition and cofactor
content, these enzymes differ considerably from other hydroge-
nases, including ‘‘standard’’ [NiFe] hydrogenases (Fig. 1A and B).
Unfortunately, there is no crystal structure available for a
bidirectional hydrogenase so far, such that structural information
about these enzymes has to rely on spectroscopic studies and com-
parison with related enzymes. Three major types of redox activeTable 1
Subunit composition and cofactor content of NAD(H)-linked bidirectional [NiFe] hydrogen
Bidirectional
hydrogenase
Complex I homologue Comment
Subunit Cofactor Subunit Cofactor
HoxH [NiFe] Nqo4 – Binding motif conserved in a
HoxY [4Fe–4S] Nqo6 [4Fe–4S] (N2) Corresponds to the proximal
FMN-a – Reported only for R. eutropha
[NiFe] hydrogenases and Com
well
HoxU [4Fe–4S]
(or [3Fe–
4S])
Nqo3 [4Fe–4S] (N5) 3Cys-1His-coordinated [4Fe4
[3Fe4S] cluster in some bidir
cluster of [FeFe] hydrogenase
[4Fe–4S] – Corresponds to the medial clu
not in Nqo3 of Complex I (bin
opacus
[4Fe–4S] [4Fe–4S] (N4) Corresponds to the distal clu
[2Fe–2S] [2Fe–2S] (N1b) Binding motif conserved in [F
HoxF [4Fe–4S] Nqo1 [4Fe4S] (N3) Fe–S cluster closest to the NA
bidirectional hydrogenases
FMN-b FMN Non-classical Rossman fold b
[2Fe–2S] Nqo2 [2Fe–2S] (N1a) Binding motif conserved in [F
from R. eutropha and R. opacu
HoxE [2Fe–2S] Nqo2 [2Fe–2S] (N1a) Binding motif conserved in [F
missing in R. eutropha and R.
HoxI – – – Reported only for R. eutrophacofactors are present in this class of enzymes: a [NiFe] active site,
several Fe–S clusters, and one or two non-covalently bound ﬂavins
(see Table 1). Interestingly, [4Fe–4S] clusters of bidirectional
hydrogenases exhibit lower midpoint potentials (about
450 mV) compared to those in ‘‘standard’’ [NiFe] hydrogenases
(about 340 mV) [83–87]. In line with this ﬁnding, reductive (re-
)activation of bidirectional hydrogenases requires low-potential
electrons from NAD(P)H [60,80,88,89] and, thus, a lower switch-
on potential Eswitch is observed [90,91]. Within the evolutionary
context, these observations can be explained by the fact that bidi-
rectional hydrogenases interact with the low-potential NAD(H)
pool while ‘‘standard’’ [NiFe] hydrogenases are rather linked to
the higher-potential quinone pool of the respiratory chain in vivo
[38,60,92].
4.1. The hydrogen converting active site
Also in bidirectional [NiFe] hydrogenases, hydrogen conversion
takes place at a conserved [NiFe] center, which is located in the
HoxH subunit of the hydrogenase sub-complex HoxHY. In contrast
to other [NiFe] hydrogenases, however, no or only sub-stoichiom-
etric amounts of paramagnetic Ni(III) species have been detected in
most EPR studies on puriﬁed bidirectional hydrogenases
[80,84,89,93–96]. This observation was taken as an indication for
a different catalytic cycle where Ni remains in the diamagnetic
Ni(II) state [96]. Alternatively, magnetic coupling between the Ni
site and a second nearby paramagnetic center might prevent the
detection of paramagnetic Ni(III) species under most conditions
[93]. The enrichment of certain paramagnetic species might also
be hampered for thermodynamic or kinetic reasons in this type
of enzyme. However, for the bidirectional hydrogenase from R.
eutropha, a quantitative EPR detection of the paramagnetic Nia-C
state has been reported for a narrow potential range [83], indicat-
ing that monitoring of Ni(III) species in bidirectional hydrogenases
might be strongly dependent on the adjustment of adequate exper-
imental conditions [88], as also observed for Hydrogenase I from
the archaeon Pyrococcus furiosus [97].ases in comparison to the homologous parts of Complex I.
References
ll [NiFe] hydrogenases [11]
cluster in ‘‘standard’’ [NiFe] hydrogenases [10,11,46,49–
51,53,57,98,99]
SH, ﬂavodoxin-like binding fold conserved in all
plex I, has been proposed to occur in Complex I as
[8,10,49,99,107,111,114]
S] cluster in Complex I, might be a 3Cys-coordinated
ectional hydrogenases, corresponds to the proximal
[6,10,53,57,90,105]
ster of [FeFe] hydrogenase, part of a 2[4Fe–4S] motif,
ding motif conserved) and HoxU from R. eutropha/R.
[6,10,53,57,69,104,105]
ster in [FeFe] hydrogenase, part of a 2[4Fe–4S] motif [6,10,53,57,69,104,105]
eFe] hydrogenase from C. pasterianum [6,10,53,57,105]
DH binding site of Complex I and (supposedly) [10,46,51,53,57]
inds both FMN and NADH in Complex I [46,51,53,57,98]
eFe] hydrogenase from D. fructosovorans, not in HoxF
s
[50,57,104]
eFe] hydrogenase from D. fructosovorans, HoxE
opacus as well as Hox2 from Thiocapsa roseopersicina
[50,57,104,125]
SH, homology to cAMP receptors [60,69]
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characterized by IR spectroscopy: At least four different redox
states have been identiﬁed for the bidirectional hydrogenase from
the cyanobacterium Synechocystis sp. PCC6803 (Fig. 3). An oxidized
and a reduced species appeared to be EPR-silent (vide supra), while
two transitional states were just observed during re-oxidation of
the enzyme. Therefore, no EPR-data are available for the latter
two, one of which might correspond to the Nia-C state of standard
[NiFe] hydrogenases [89]. All of these different redox states exhibit
one CO and two CN stretching bands in the IR spectrum, indicating
a standard set of inorganic ligands at the active site. Moreover,
most of these species display ligand stretching frequencies compa-
rable to other [NiFe] hydrogenases, which suggests a similar (elec-
tronic) structure of the active site. However, the ‘‘fully’’ reduced
state exhibits an unusually high CO stretching frequency in this en-
zyme (vide infra). Preliminary IR data from the HoxHY hydrogenase
subcomplex of the cyanobacterial type bidirectional hydrogenase
from Allochromatium vinosum revealed a mixture of states, with
some of them resembling those of the hydrogenase from Synecho-
cystis sp. [57]. For the bidirectional hydrogenase from R. eutropha
EPR and IR properties of the active site have been discussed contro-
versially and will be presented in more detail in Section 5.
Interestingly, (spectro-)electrochemical studies on bidirectional
hydrogenases from R. eutropha and Synechocystis sp. indicate that
the formation of the respective highest oxidized state might be
dependent on the presence of oxygen [91,96]. This suggests that
these redox species could possibly contain a bridging ligand other
than OH, as this chemical species can also be derived anaerobi-
cally from water. Alternatively, the formation of the fully oxidized
state might be kinetically unfavorable by electrochemical means,
as observed for Nir-B formation in certain ‘‘standard’’ [NiFe]
hydrogenases [17,25]. For the above mentioned bidirectional en-
zymes, protein ﬁlm voltammetry and IR spectroscopy also revealed
the occurrence of one or two additional oxidized states, which
might, however, be related to non-native species that possibly
arise from changes in the quaternary structure of the enzyme,
e.g., the absence of the diaphorase moiety [90,91].
4.2. Iron sulphur clusters
By sequence analysis, the presence of up to eight Fe–S clusters
has been predicted for NAD(H)-linked bidirectional hydrogenases
[46,49–51,53,57,98,99] (Table 1). For all characterized enzymes,
at least one [2Fe–2S] and one [4Fe–4S] cluster have been detected
by EPR spectroscopy [80,83,84,89,93–96]. Sub-stoichiometric sig-
nals reminiscent of [3Fe–4S] clusters were also observed in these
studies, but largely ascribed to oxidative damage or higher oxida-
tion states of low potential [4Fe–4S] clusters. This interpretation
is in agreement with the absence of [3Fe–4S] clusters in Complex
I and [FeFe] hydrogenases [6,10]. Nonetheless, experimental in-
sights indicate that functional [3Fe–4S] clusters may appear in cer-
tain bidirectional hydrogenases [94].
For the hydrogenase sub-complex HoxHY, sequence analysis
indicates the presence of a single proximal [4Fe–4S] cluster in
the HoxY subunit of bidirectional hydrogenases (Fig. 1) [46,49–
51,53,57,98,99]. This binding motif is conserved among all [NiFe]
hydrogenases and the Nqo6 subunit of Complex I (cluster N2)
[11]. In fact, EPR, UV/vis, Mössbauer, and/or XAS studies on the
separate HoxHY moieties from R. eutropha [90], R. opacus [93,94],
and A. vinosum [57] indicate the presence of a [4Fe–4S] cluster in
this sub-complex. For the sake of completeness, it should be
mentioned that early studies claimed a location in the large HoxH
subunit for this cubane cluster [94,100,101]. However, this appears
unlikely as no conserved Fe–S cluster binding motif is present in
HoxH of [NiFe] hydrogenases and the homologous Nqo4 subunit
of Complex I [11]. The absence of the medial [3Fe–4S] and the dis-tal [4Fe–4S] cluster, present in ‘‘standard’’ [NiFe] hydrogenases,
can be explained by the fact that the small subunit (HoxY) is trun-
cated at the C-terminus of the polypeptide chain in bidirectional
hydrogenases [11,51,98]. This indicates that the electronic cou-
pling with the diaphorase moiety is presumably accomplished by
the single [4Fe–4S] cluster while missing parts of HoxY might be
functionally substituted by HoxU. The [NiFe] site in HoxH and
the [4Fe–4S] cluster in HoxY appear to represent the minimum
set of cofactors necessary for hydrogen conversion in [NiFe]
hydrogenases [57,90,93].
Interestingly, the HoxY-linked [4Fe–4S] cluster appeared to be
EPR-silent, but was detected by XAS in a study on the separate
HoxHY moiety of the bidirectional hydrogenase from R. eutropha
[90], possibly indicating a magnetic coupling of this cofactor with
another paramagnetic site. Studies on the separate hydrogenase
modules from R. opacus [93,94] and R. eutropha [90] also revealed
that this ‘‘proximal’’ cluster is particularly sensitive towards oxida-
tion, as shown by irreversible conversion to a [3Fe–4S] and a [4Fe–
nS–nO] cluster, respectively. This effect, however, might be at least
partly related to the lack of the stabilizing diaphorase moiety. A
structural rearrangement of the hydrogenase sub-complex in the
absence of the diaphorase moiety is also indicated by the detection
of two conformers of this ‘‘proximal’’ [4Fe–4S] cluster in HoxHY
from R. opacus [94]. Only one of these conformers was also de-
tected in the native tetrameric enzyme HoxHYFU, while the second
was reported to be a less active structural variant.
For the diaphorase module, a precise characterization of the
individual Fe–S clusters is more intricate for three major reasons.
First of all, this moiety contains a large number of potential binding
sites for Fe–S clusters, which complicates their respective quantiﬁ-
cation and assignment. Secondly, spectroscopic studies on the
separate diaphorase moiety of a bidirectional hydrogenase have
only been published for the enzyme from R. opacus [93,94] and,
thus, most assumptions on Fe–S cluster location and function are
deduced from sequence analysis and comparison with the homol-
ogous subunits of respiratory Complex I (Fig. 1B and C). Finally, the
content of both proposed and detected Fe–S clusters is different in
cyanobacterial and aerobic bidirectional hydrogenases, which
might be related to their different physiological roles.
For bidirectional hydrogenases from aerobic bacteria, the pres-
ence of Fe–S clusters in the diaphorase module was derived from
EPR and Mössbauer studies [80,83,84,93,94,96], revealing one
[2Fe–2S] and two [4Fe–4S] clusters. Based on investigations of
the separate HoxFU moiety from R. opacus [94], an additional,
seemingly native [3Fe–4S] cluster has been reported for this partic-
ular enzyme. Interestingly, stoichiometric signals of this [3Fe–4S]
cluster have only been observed in the isolated HoxFU module,
while the native R. opacus enzyme exhibits a broad g = 1.95 signal
instead. This feature might be related to magnetic coupling of the
[3Fe–4S] cluster with a nearby paramagnetic species such as the Ni
atom of the active site or other so far undetected metal ions [94]. In
conclusion, the presence of a [3Fe–4S] cluster can not be com-
pletely ruled out for certain bidirectional hydrogenases, in particu-
lar, since minor amounts of a comparable broadened feature at
g  1.92 have also been observed for the bidirectional [NiFe]
hydrogenase from R. eutropha at 12 K [84]. Interestingly, a possible
role in oxygen radical scavenging has been proposed for the medial
[3Fe–4S] cluster of ‘‘standard’’ [NiFe] hydrogenases [48]. Consider-
ing superoxide production by bidirectional hydrogenases
[52,102,103], a putative [3Fe–4S] cluster could have a similar func-
tion in this type of enzymes.
For cyanobacterial bidirectional hydrogenases, no studies on
separate diaphorase modules are available so far. Investigations
of entire enzymes revealed the presence of [2Fe–2S] and [4Fe–
4S] clusters, both with a stoichiometry of 1 spin per molecule
[89,95]. As the presence of a [4Fe–4S] cluster has been conﬁrmed
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can be unambiguously assigned to the diaphorase moiety. This is in
sharp contrast to the prediction of up to seven Fe–S clusters for the
diaphorase moiety of these enzymes (vide infra) [51,53].
Apart from experimental investigations, further valuable infor-
mation on possible locations and functions of Fe–S clusters of the
diaphorase moiety can be deduced from comparison with subunits
from Complex I and other similar enzymes (Fig. 1B and C, Table 1).
A conserved binding site for a single [2Fe–2S] cluster is observed in
HoxE of cyanobacterial type bidirectional hydrogenases and the
homologous Nqo2 and HndA subunits of Complex I and the Desulf-
ovibrio fructosovorans [FeFe] hydrogenase, respectively [50,57,104].
Since the presence of this cluster (N1a) has been proven for Nqo2
[10], its occurrence in HoxE is anticipated, as well. In bidirectional
hydrogenases, a speciﬁc role in electron transfer interactions with
membrane components or the hydrogenase module has been sug-
gested for this binuclear Fe–S center [45,56]. No Fe–S cluster bind-
ing motifs are present in the additional HoxI subunits of the
bidirectional hydrogenase from R. eutropha [69].
HoxF can be described as a fusion protein from homologues of
Nqo1 and Nqo2 of Complex I [46]. Furthermore, this subunit is
homologous to the HndA gene product of the NADP-reducing
[FeFe] hydrogenase from D. fructosovorans [104]. Apart from bind-
ing sites for FMN and NAD(H), this subunit harbors a [4Fe–4S] clus-
ter binding motif, which corresponds to cluster N3 of Complex I
[10,46,51,53,57]. In cyanobacterial bidirectional hydrogenases,
the presence of an additional ferredoxin-like [2Fe–2S] cluster is
indicated by a further binding site in HoxF [50,57]. In Complex I,
cluster N1a has been suggested to act as an electron storage, there-
by minimizing the production of reactive oxygen species [10].
Thus, binuclear Fe–S clusters in HoxE and/or HoxF might carry
out similar functions in certain bidirectional hydrogenases. How-
ever, these [2Fe–2S] clusters are absent in oxygen tolerant bidirec-
tional hydrogenases from aerobic bacteria, suggesting different
oxygen protection strategies in these latter enzymes.
HoxU has a sequence similar to the N-terminal part of Nqo3
from Complex I as well as [FeFe] hydrogenases [46–
49,53,57,104,105]. These conserved sequence stretches contain an-
other ferredoxin-like binding motif for a [2Fe–2S] cluster, which
corresponds to N1b of Complex I [53,57]. In addition, a ferre-
doxin-type 2[4Fe–4S] motif is found in HoxU of cyanobacterial
bidirectional hydrogenases [53,57], in [FeFe] hydrogenases
[6104,105], and Complex I [10]. While both of these cubane clus-
ters have been detected in the Clostridium pasterianum [FeFe]
hydrogenase [6], only one [4Fe–4S] cluster is present in the homol-
ogous binding fold of Complex I (cluster N4) [10]. In bidirectional
hydrogenases from aerobic bacteria, only four out of the eight cys-
teine residues of this sequence motif are conserved in HoxU, indi-
cating the presence of a single [4Fe–4S] cluster [57,69].
Furthermore, HoxU contains another sequence motif consisting
of one histidine and three cysteine residues [53,57]. This conserved
fold suggests the binding of another cubane cluster, as observed in
Complex I (N5) and [FeFe] hydrogenases [6,10]. Alternatively, the
cysteine residues of this sequence motif might coordinate a [3Fe–
4S] cluster as reported in a combined EPR and Mössbauer study on
the R. opacus hydrogenase [94]. According to this assumption, the
number of experimentally detected and predicted Fe–S clusters
would coincide in aerobic bidirectional hydrogenases, and trinu-
clear and tetranuclear Fe–S clusters in HoxU could possibly substi-
tute those missing in HoxY, thereby preserving a standard-like
electron relay (vide supra).
Apart from the detailed characterization of the individual clus-
ters, two general questions arise from previous studies on Fe–S
cofactors in bidirectional hydrogenases. The ﬁrst one refers to the
discrepancy between the number of potential binding motifs and
EPR-detected Fe–S clusters, especially in cyanobacterial hydroge-nases, which is neither reported for most other hydrogenases nor
for Complex I. This situation might be related to the presence of
Fe–S clusters, which are EPR silent due to magnetic coupling to
other paramagnetic species in close vicinity. In addition, the detec-
tion of some Fe–S clusters might also be hampered under standard
experimental conditions for thermodynamic or kinetic reasons, as
suggested for individual clusters of Complex I [106]. Alternatively,
the Fe–S cluster content might be underestimated due to an over-
estimation of the protein concentration [107]. More recent studies,
however, rather indicate an underestimation of the protein con-
centration for the bidirectional hydrogenase from Synechocystis
sp. [89]. Finally, it can not be excluded that some of the potential
binding sites are simply not occupied by intact Fe–S clusters in
some native or isolated enzymes.
The second major question refers to the functional role of the
large number of Fe–S clusters detected and/or predicted in bidirec-
tional hydrogenases. This peculiarity might be related to a
branched electron transfer pathway, as indicated by the presence
of putative alternative electron access sites in HoxE and HoxI2
[56,60]. Alternatively, a large number of electron transfer units
might be necessary in case of different electron pathways in hydro-
gen activation and evolution, as claimed for the bidirectional
hydrogenase from R. eutropha [108]. Another possible explanation
can be derived from EPR studies on Complex I, which indicate com-
plex electron occupancy patterns and alternating redox potentials
for the Fe–S clusters of this enzyme [106,109]. This property has
been suggested to play a major role in the fast and energy efﬁcient
electron transfer of Complex I in vivo. A similar mechanism, which
obviously depends on a sufﬁcient set of Fe–S centers, might also
exist in the related bidirectional hydrogenases. As stated above,
individual clusters might also minimize superoxide production or
perform other functions beyond basic electron transfer. Eventually,
it can not be excluded that certain Fe–S clusters might simply sta-
bilize the protein matrix or represent evolutionary remnants, as
suggested for cluster N7 in Complex I [10].
4.3. Flavin cofactors
At least one ﬂavin mononucleotide (FMN) has been detected in
all examined NAD(H)-linked bidirectional hydrogenases
[38,83,89,95,110]. Based on sequence homology with the Nqo1
subunit of Complex I [46,51,53,57,98] and spectroscopic investiga-
tions of the separate HoxFU moiety from R. opacus [93], this com-
ponent is accepted to be located in the HoxF subunit of the
diaphorase moiety (Fig. 1B and C, Table 1). Among hydrogenases,
ﬂavin cofactors have only been reported for NAD(P)(H)-linked en-
zymes (see also [97,104,111]), indicating their involvement in the
redox conversion of purine nucleotides. In fact, FMN is known to
act as a communicator between one-electron centers (Fe–S
clusters) and two-electron centers (NADH) in Complex I [112],
which suggests an analogous role in bidirectional hydrogenases.
The X-ray structure of the peripheral domain of Thermus thermo-
philus Complex I shows that NADH is stacked next to the FMN
cofactor of Nqo1 in an orientation appropriate for direct hydride
transfer. This NADH binding site is conserved in HoxF
[10,46,51,53,57,98], indicating that NADH oxidation most likely
progresses in the same way. Furthermore, the separate HoxF sub-
unit of R. eutropha has been claimed to exhibit diaphorase activity
[113], which supports its afﬁliation with FMN and NAD(H) binding.
Apart from the active site ﬂavin in HoxF (FMN-b), a second
loosely bound FMN cofactor (FMN-a) has been detected in the
bidirectional soluble hydrogenase from R. eutropha (SH)
[107,110,114]. This cofactor is supposed to be located in the HoxY
subunit of the hydrogenase sub-complex HoxHY [99,107,114],
which is supported by the structural homology between this sub-
unit and the FMN binding site of ﬂavodoxin (Fig. 1B) [8]. This po-
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and the Nqo6 subunit of Complex I [8,99] (see Table 1). Therefore,
the presence of a second FMN molecule has also been proposed for
the latter enzyme [49,99,107]. However, ﬂavin binding at this po-
sition has not been observed in Complex I or hydrogenases other
than the SH. In standard [NiFe] hydrogenases, this might be due
to limited space related to the presence of the medial and distal
Fe–S cluster [99]. In other bidirectional hydrogenases, however,
FMN-a might be simply released during puriﬁcation, as indicated
by its loose binding in R. eutropha [114]. In fact, recent studies have
shown that this cofactor occurs only in sub-stoichiometric
amounts in the isolated HoxHY sub-complex of R. eutropha [90],
providing further evidence for the stabilizing role of the diaphorase
moiety. In agreement with this observation, previous reports on
the SH claimed that the loss of FMN-a under reducing conditions
is accompanied by a reversible unfolding of the entire enzyme
[114]. Since the association of the HoxHY and HoxFU moieties
has been reported to be weaker in other bidirectional hydroge-
nases [57,93], a loss of this ﬂavin compound is likely to occur in
these enzymes. Alternatively, the lower amount of observable
FMN in other bidirectional hydrogenases might also be related to
a general tendency towards overestimated protein concentrations
in enzymes containing an NADH:acceptor oxidoreductase module
[107]. However, since there is no experimental evidence for a sec-
ond FMN in these enzymes so far, it can not be excluded that the
FMN-a compound is a unique feature of the bidirectional hydroge-
nase from R. eutropha.
Several functions have been proposed for this second FMN of
the SH, which has been reported to be essential for the proper
functionality and integrity of the enzyme [90,110,114]. As stated
above, FMN is able to act as a two-to-one electron converter, which
might also transfer electrons between the hydride evolving during
hydrogen cleavage and the proximal [4Fe-4S] cluster [114]. Fur-
thermore, it is possibly involved in the fast removal of oxygen spe-
cies from the active site [90,114] and might, thus, contribute to the
oxygen tolerance of this enzyme. Recent studies also indicate that
this ﬂavin cofactor might be important for the stability of the Hox-
HY sub-complex of the SH and its interaction with hydrogen [90].
An assured determination of the function(s) of FMN-a, however,
is complicated by the fact that the binding sites of FMN-a and the
proximal [4Fe-4S] cluster are spatially overlapping in the small
subunit of ‘‘standard’’ [NiFe] hydrogenases [8] and, as a conse-
quence, the exact location of these two cofactors can not be as-
signed unambiguously for the SH. Thus, it remains open whether
these redox sites are arranged sequentially and, if so, which of
these is in direct contact with the [NiFe] center. Since both binding
sites have a similar distance to the active site in ‘‘standard’’ [NiFe]
hydrogenases [8], a simple sequential arrangement is less likely,
which suggests a functional role beyond basic electron transfer
for the ﬂavin cofactor in HoxY. Furthermore, the overlap of the
FMN-a locus with the binding site of the [4Fe-4S] cluster might
partly account for the observed unusual EPR properties of this clus-
ter and the [NiFe] site as well as the easy release of the FMN com-
pound from HoxY.5. The soluble hydrogenase from Ralstonia eutropha: a unique
oxygen tolerant biocatalyst
In the following, we will provide a more detailed overview on
unique features of the NAD(H)-linked bidirectional [NiFe]
hydrogenase from R. eutropha H16. R. eutropha is a ‘‘Knallgas’’ bac-
terium, harboring at least three different hydrogenases: a mem-
brane bound uptake hydrogenase (MBH), a cytoplasmic
regulatory hydrogenase (RH), and the NAD(H)-linked soluble
hydrogenase (SH) [69]. In principle, there are two major reasonsfor the special interest in this particular bidirectional enzyme. First
of all, R. eutropha is a facultative chemolitoautotroph which is able
to grow in the presence of oxygen by using H2 and CO2 as the sole
electron and carbon source, respectively [67]. As a consequence, all
three hydrogenases puriﬁed from this organism are able to cata-
lyze hydrogen conversion in the presence of oxygen, which is in
contrast to most other hydrogenases [69,92]. For the RH, this prop-
erty has been ascribed to a narrowed gas channel, which limits
oxygen access to the active site [15,115]. In the MBH, an unusual
proximal Fe–S cluster has been recently reported to prevent the
formation of the inactive Niu-A state by supplying electrons at high
potentials [116]. In case of the SH, a modiﬁed active site has been
previously suggested to play a role in its oxygen tolerance, how-
ever, this has been recently disproven (vide infra) [80–82,88]. Its
tolerance towards oxygen renders the SH an outstanding biocata-
lyst for potential biotechnological applications, in particular, since
this enzyme preferentially catalyzes the production of NADH
rather than its oxidation. Therefore, the SH is particularly suited
for the in situ regeneration of NADH in coupled enzymatic reac-
tions [74,76–79]. Moreover, this enzyme has been extensively
studied for more than three decades and, as a consequence, it rep-
resents the best characterized bidirectional hydrogenase and an
established model system for this type of enzymes.
Like other bidirectional hydrogenases, the SH consists of the
hydrogenase (HoxHY) and diaphorase (HoxFU) moieties, expanded
by the aforementioned HoxI2 homodimer [60]. The putative con-
tent, localization and function of Fe–S clusters and ﬂavin com-
pounds, including the unprecedented FMN-a in HoxY [114], have
already been discussed for this enzyme (vide supra). In the follow-
ing paragraphs, we will mainly focus on the unusual spectroscopic
properties of the [NiFe] active site and its putative structural and
functional peculiarities.
5.1. The active site of the soluble hydrogenase: the previous model and
its shortcomings
As mentioned above, spectroscopic and structural features of
the SH have been discussed controversially for more than a decade.
Thus, we will present the previous structural and functional model
for this enzyme ﬁrst before discussing several objections and con-
tradictory results from recent in situ studies (Section 5.2).
In standard [NiFe] hydrogenases, the Fe(CO)(CN)2 moiety of the
active site gives rise to three distinct infrared absorptions, which
correspond to the carbonyl stretching vibration m(CO) and the
symmetric and antisymmetric stretching modes ms(CN) and
mas(CN) of the two vibrationally coupled cyanide ligands [12,13].
Due to the p-acceptor and r-donor capabilities of the CO and
CN ligands, the frequencies of these vibrations are sensitive to-
wards changes in the structure and redox state of the active site
[9,12,117,118]. In contrast to standard [NiFe] hydrogenases, the
IR spectrum of the as-isolated, oxidized SH exhibits one CO and
four instead of two CN absorptions. Based on this observation
and a chemical cyanide determination, the presence of two addi-
tional cyanide ligands was suggested for the active site of this en-
zyme (Fig. 4A) [80,81], which is, however, in sharp contrast to
recent studies (vide infra) [88,90]. The frequencies of the CO and
three of the four CN stretching modes were found to be insensitive
towards redox state changes of the enzyme [80,81,96]. Conse-
quently, these bands were assigned to a Fe(CO)(CN)3 moiety, which
does not undergo redox-dependent changes [80]. Only one of the
CN stretching modes, detected at 2098 cm1 for the oxidized
enzyme, was reported to shift towards lower wavenumbers under
reducing conditions. As a consequence, it was argued that the CN
ligand reﬂected by this absorption was not coordinated to the same
metal atom as the CO ligand, but rather bound to Ni (Fig. 4A) [80].
Since this 2098 cm1 band was absent in the spectrum of SH puri-
Fig. 4. Previous (A) and present (B) model for the active site structure of the soluble hydrogenase from R.eutropha. (A) Previous model derived from spectroscopic studies on
the isolated enzyme [96] with the corresponding IR spectrum and the proposed structure of the fully oxidized enzyme displayed as a cartoon. For details, see text. (B)
Summarized results from in vivo and in situ spectroscopic studies on the soluble hydrogenase from R. eutropha [88]. In living cells, about 60% of the enzyme resides in the
paramagnetic Nia-C state (trace a), which can be converted to more oxidized or reduced EPR-silent Ni(II) species. In agreement with the reducing conditions within the
cytoplasm, the second derivative of the IR spectrum from the same sample exhibits a mixture of ‘‘standard-like’’ reduced states with a predominant contribution from Nia-C
(trace b). Under oxidizing conditions, an almost pure (EPR-silent) ‘‘Nir-B-like’’ state of the enzyme is represented by one CO and two CN stretching bands in the second
derivative of the IR spectrum (trace c), indicating a standard set of inorganic ligands at the active site. The cartoon shows the present model for the active site structure of the
native soluble hydrogenase in the Nia-C state.
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to be responsible for the incorporation of the proposed Ni-bound
cyanide [82]. Furthermore, the presence and intensity of the
2098 cm1 band was reported to correlate with the catalytic activ-
ity of the SH under aerobic conditions and, thus, the putative Ni-
bound cyanide was suggested to play a major role in the oxygen
tolerance of this enzyme by shielding the active site from oxygen
[80–82]. In contrast to other [NiFe] hydrogenases, Ni-edge XAS
investigations of the SH indicated the presence of a six-coordinate
Ni atom, including hard ligand atoms like C, O, or N, especially in
the fully oxidized state of the enzyme [108,119–121]. These obser-
vations were ascribed to sulfoxygenation at the terminal cysteinyl
donors and a Ni-bound cyanide ligand (Fig. 4A). Furthermore, Ni-
coordination by N/O atoms fromwater, amino side chains or amide
groups of the protein backbone was proposed on the basis of these
data.
As also observed for other bidirectional hydrogenases, no ma-
jor contributions from paramagnetic Ni-species could be detected
in most of the previous EPR studies on the SH [80,81,84,96]. As a
consequence, the Ni atom has been suggested to remain un-
changed in the Ni(II) state throughout the catalytic cycle
[96,119]. Hydrogen cleavage was proposed to take place at a ter-
minal coordination site of the Ni atom as the Fe atom was
thought to be six-coordinate and, therefore, incapable of binding
a bridging hydride. As the stretching frequencies of the putative
Fe(CO)(CN)3 moiety did not change under various conditions, all
variations of the IR spectrum have been ascribed to a Ni-boundcyanide, reﬂecting changes in the number and type of Ni-coordi-
nated ligands [80,81,96,119]. Based on these interpretations, the
following model has been suggested for the catalytic cycle and
the reductive activation of the SH active site [96,119]: In the oxi-
dized state, the aerobically isolated SH exhibits one CO stretching
at 1956 cm1 and four CN stretchings at about 2098, 2090, 2080,
and 2070 cm1 (Fig. 4A). In this state, the enzyme is catalytically
inactive and can not be readily activated by hydrogen. If substo-
ichiometric amounts of NAD(P)H are added to the oxidized SH,
the 2098 cm1 band (assigned to the stretching mode of Ni-
bound cyanide) disappears while intensity changes are observed
for other CN stretching bands in the 2100–2050 cm1 region.
Based on band ﬁtting analyses, these observations have been as-
cribed to a down-shift of the 2098 cm1 band to ca. 2090 cm1,
indicating a slight increase of electron density at the Ni-atom.
This shift has been interpreted as a loss of a hydroxo or hydroper-
oxo species from Ni, which creates catalytically active SH with a
vacant coordination site for hydride binding in a terminal position
(Fig. 4A) [81]. When oxidized SH was incubated with both hydro-
gen and catalytic amounts of NAD(P)H, a new band was observed
at 2051 cm1, which was again assigned to the stretching mode
of Ni-bound cyanide, indicating a considerable increase of elec-
tron density at the Ni atom. This observation was tentatively as-
cribed to a displacement of the oxygen species by a terminally
bound hydride. During catalysis, the active site was thought to
cycle between the latter two states by transferring the Ni-bound
hydride to the nearby FMN-a.
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tent model for the structure and catalytic mechanism of the SH ac-
tive site. Nonetheless, there were ambiguities and open questions,
which motivated further detailed investigations of this enzyme.
First, the coordination of two additional cyanide ligands to the
[NiFe] center would lead to a highly tense structure. In fact, preli-
minary quantum chemical calculations of model compounds for
the proposed active site failed since the complex dissociated dur-
ing geometry optimization.b Second, the disappearance of the
m(CN) = 2098 cm1 band after incubation of the SH with sub-stoi-
chiometric amounts of NAD(P)H has been assigned to a red shift
(Dm = 8 cm1) of this absorption band [81]. This should lead to
a deﬁned absorbance increase at 2090 cm1, however, the experi-
mental IR spectra exhibit relative intensity changes in the entire
2100–2050 cm1 region, which indicates that the observed spec-
tral changes are not related to a single ligand or exclusive changes
at the Ni-atom. In addition, the terminal Ni-bound hydride ligand
proposed for the fully reduced state of the enzyme should give rise
to a well-deﬁned m(NiH) vibrational absorption in the spectral re-
gion between 2250 and 1700 cm1 [122], as also predicted by spec-
tra calculations on a [NiFe] site model compound.2 However, no
experimental evidence has been reported for this feature to date.
Furthermore, IR studies on enzyme preparations enriched with 15N
by 50% were not conclusive [81]. This kind of experiment leads to
three sets of m(CN) bands reﬂecting enzyme populations with differ-
ent degrees of 15N labeling [13]. Molecules without 15N labeled cya-
nide ligands show the usual m(CN) band pattern while a complete
labeling of all cyanide ligands shifts the entire m(CN) signature to-
wards lower wavenumbers. A third set of bands reﬂects 2n2 popu-
lations where only a part of the n cyanide ligands is labeled with 15N.
An active site with four cyanide ligands should give rise to 14 of
these latter populations, which would, as a consequence, dominate
the IR spectrum. Even if the Ni-bound cyanide was unaffected by
partial 15N labeling for metabolic reasons [81], still six of these pop-
ulations should arise from the three Fe-bound cyanides. However,
like in standard [NiFe] hydrogenases, only two medium strong bands
arose from partial 15N labeling, which is in contrast to the assump-
tion of additional cyanide ligands at the SH active site. In addition,
the model’s assumption of a redox-inactive Ni(II) state during reduc-
tive activation and catalysis is in conﬂict with the detection of the
paramagnetic Nia-C state for SH incubated with an excess of NADH
[83]. These observations have been later ascribed to a loss of the
additional cyanide ligands, which was suggested to render the active
site an oxygen sensitive standard [NiFe] center [96,119]. However,
NADH is a substrate of the SH, which can also be present in large
amounts under in vivo conditions (vide infra). Furthermore, cyanide
is known to be among the most tightly bound inorganic ligands,
which is unlikely to easily (and selectively) dissociate from the dee-
ply buried active site under mild reducing conditions. These objec-
tions are in line with the ﬁnding that excess NADH leads to a
completely reversible reduction of the bidirectional hydrogenase
from Synechocystis sp. [89]. A particularly puzzling implication of
the previous model is the redox inactivity of both Ni and Fe, ques-
tioning the functional role of the complex [NiFe] site. Additional con-
cerns refer to the proposed terminal hydride binding at the Ni site.
This scenario would imply that hydrogen conversion does not take
place cis or trans to a carbonyl ligand, which is in contrast to all other
known hydrogenases. In this context, it should be mentioned that a
cis or (preferentially) trans oriented ligand with both electron donat-
ing and withdrawing capabilities (like CO) is assumed to be essential
for the reversible binding and cleavage of H2, respectively [34]. Final-
ly, the proposed involvement of the Ni-bound cyanide in the oxygen
tolerance of the SH [96] is not convincing, since this ligand would2 M. Horch. Unpublished results.only shield the bridging site between the two metals. However, a
blocking of the bridging position by additional cyanide ligands
would not sterically shield the terminal coordination site on the
Ni, where hydrogen cycling was proposed to take place (Fig. 4A).
5.2. New insights from in vivo and in situ spectroscopy
Due to the shortcomings of the model discussed in the preced-
ing section, the SH from R. eutropha has been recently reinvesti-
gated in a combined approach using IR and EPR spectroscopy
[88]. In contrast to former spectroscopic investigations on puriﬁed
SH, this study has been performed on whole cells of an R. eutropha
H16 wild type derivative that expresses no hydrogenases other
than the SH. Thus, the enzyme could be characterized within its
native cytoplasmic environment. Under in vivo conditions, i.e.,
within living cells, it was shown that the SH mainly exists in the
paramagnetic Nia-C state, which is in agreement with its coupling
to the cellular pool of reductants (Fig. 4B, trace a). As monitored by
EPR spectroscopy, this Ni(III) species disappears under more reduc-
ing or oxidizing conditions, indicating a redox active Ni-atom in
the native enzyme. In addition to the prevalent Nia-C state, com-
plementary IR studies revealed a mixture of further redox states,
as also observed in ‘‘standard’’ [NiFe] hydrogenases (Figs. 3 and
4B, trace b). These ﬁndings demonstrate that the SH active site con-
tains a standard set of inorganic ligands, i.e., one CO and two CN.
This conclusion has been further proven by the IR spectrum of a
nearly pure EPR-silent oxidized state, exhibiting only one CO and
two CN stretching modes, which resemble the IR signature of the
Nir-B state in ‘‘standard’’ [NiFe] hydrogenases (Fig. 4B, trace c).
Thus, the active site structure of the native SH is much more sim-
ilar to standard [NiFe] hydrogenases and the previous model
involving an unusual ligation pattern of the [NiFe] center can be
discarded (Fig. 4B, cartoon).
In a more general sense, these studies indicate that a represen-
tative characterization of complex biological systems is strongly
dependent on the preservation or recreation of native conditions.
For the SH, quantitative amounts of the Nia-C state have only been
observed within the cytoplasm of living cells [88] or, mimicking
these reducing conditions, by adding excess amounts of NADH
[83]. In agreement with previous suggestions [93,97], this ﬁnding
indicates that a detection of paramagnetic Ni(III) species in bidirec-
tional hydrogenases requires the careful selection of appropriate
experimental conditions.
Apart from these general insights, the above in situ studies have
revealed a further reduced species of the SH, termed Nia-SR2
(Fig. 3), which was also observed in the bidirectional hydrogenase
from Synechocystis sp.3 [88,89]. Compared to Nia-SR states observed
in standard [NiFe] hydrogenases, this species exhibits an unusually
high CO stretching frequency at 1958 cm1. Hence, this state could
be a low potential Ni(III) species similar to Nia-C (m(CO) = 1962 cm1
in R. eutropha) or the putative Nia-X state of the oxidative addition
mechanism, proposed recently for hydrogen cycling in [NiFe]
hydrogenases [31]. This so far undetected Nia-X state has been de-
scribed as an intermediate Ni(III) species with two hydride ligands
at the active site, one in the bridging position between the two met-
als (like in Nia-C and Nia-SR) and one bound terminally to the sixth
coordination site of the Ni atom. Such a species might exhibit spec-
tral similarities to the detected Nia-SR2 state. However, preliminary
calculations of IR spectra of a [NiFe] model compound suggest that
the terminal hydride of Nia-X should give rise to a well deﬁned
m(NiH) band in the 2000–1900 cm1 region and a particularly
low CO stretching frequency.4 In addition, such a Ni(III) species3 For the enzyme from Synechocystis sp., this species has been previously assigned
to the Nia-SR state [89].
4 M. Horch. Unpublished results.
554 M. Horch et al. / FEBS Letters 586 (2012) 545–556should also display a prominent EPR signal, which has not been ob-
served in the experiment. Therefore, Nia-SR2 may rather be a Ni(II)
species where the ligand at the bridging site exerts a strong trans
inﬂuence on the opposite CO ligand.5 This effect should weaken
the FeCO and strengthen the C„O bond, thereby selectively
increasing the frequency of the CO stretching mode, as observed
for Nia-SR2. Possible candidates for such a scenario may be a H2
r-bond complex or related species facing the bridging site. In fact,
a similar effect was also observed in the Nia-C state of ‘‘standard’’
[NiFe] hydrogenases, where the bridging hydride acts as a strong
r-donor trans to the CO ligand such that m(CO) is indeed consider-
ably increased [27].
6. Outlook: challenges for future research
Over the last three decades, spectroscopic and biochemical
studies have provided considerable insights into functional aspects
and structural determinants in NAD(H)-linked bidirectional
hydrogenases. Despite notable scientiﬁc advances, however, there
are still numerous questions to address in order to gain a compre-
hensive understanding of this type of enzymes. In particular, little
is known about the function and interaction of the individual Fe-S
clusters, especially in the diaphorase moiety. Another, closely re-
lated question arises from the ﬁnding that stoichiometric amounts
of paramagnetic species of the active site and certain Fe-S clusters
are difﬁcult to detect. This observation may be related to unusual
redox properties and pronounced magnetic interactions of the var-
ious cofactors. In terms of future applications, special attention has
to be paid to the investigation of oxygen-tolerance mechanisms in
certain bidirectional [NiFe] hydrogenases like the SH from R. eutro-
pha. In this context, the supply of low-potential electrons from the
oxidation of NAD(P)H appears to play a major role in preserving
catalytic activity under aerobic conditions in vivo. However, de-
spite considerable efforts and promising insights, the structural
and mechanistic basis for this property has still to be resolved.
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